GaAs/Ge/GaAs heterostructures were grown on high-index (113)B GaAs substrates by molecular beam epitaxy. Sublattice reversal in GaAs/Ge/ GaAs was identified by comparing the anisotropic etching profile of the epitaxial sample with that for reference (113)A and (113)B GaAs substrates. The shape of the resulting mesa for the lower GaAs layer was similar to that for the reference (113)B GaAs substrate, whereas that for the upper GaAs layer was similar to that for the reference (113)A GaAs substrate. An atomic-resolution analysis was also conducted by mapping using energy-dispersive X-ray spectroscopy, whereby the sublattice reversal was directly observed through the atomic arrangements.
R oom-temperature terahertz (THz) light sources are highly desirable because of their wide range of potential applications, including wireless communications, spectroscopy, and imaging. 1, 2) Several semiconductor-based devices, such as quantum cascade lasers (QCLs), [3] [4] [5] resonant tunneling diodes (RTDs), 6, 7) and photomixers 8, 9) have been studied and developed for use as continuous-wave THz emitters. Terahertz sources based on intracavity difference-frequency generation (DFG) in dual-wavelength midinfrared QCLs have also been recently reported. 10, 11) However, there are challenges associated with each of these devices. For example, the emission power of RTDs becomes insufficient when the devices are operated at higher frequencies. In addition, although significant progress has been made with regard to THz QCLs, near-room temperature operation has not been demonstrated.
Optical microcavities are good candidates for nonlinear optical devices because an extremely strong electric field is realized in the cavity layer sandwiched between two distributed Bragg reflector (DBR) multilayers. Efficient wavelength conversion is possible in a GaAs-based multilayer cavity when the structure is grown on a non-(001) substrate to take advantage of the second-order nonlinearity of zincblendetype semiconductors. 12) We have proposed a GaAs=AlAs coupled multilayer cavity structure for novel THz emitting devices.
13) The structure consists of two equivalent cavity layers and three DBR multilayers. Two cavity modes appear in the center of the high reflection band because a degenerate cavity mode is split into two different modes as a result of coupling of the cavity layers. The mode frequency difference can be precisely defined within the THz region in accordance with the number of pairs of intermediate DBRs. We have obtained a strong sum-frequency generation (SFG) signal from a GaAs=AlAs coupled multilayer cavity grown on a (113)B GaAs substrate when the two modes were simultaneously excited by 100 fs laser pulses. [14] [15] [16] DFG signals from the (113)B coupled cavity samples were also demonstrated at room temperature by time-resolved waveform measurements using 100 fs laser pulses and a photoconductive antenna. [17] [18] [19] From the viewpoint of practical device applications, the two modes should be generated inside the structure by current injection, [20] [21] [22] [23] since this enables THz emission through DFG without external light sources.
The second-order nonlinear polarization of DFG from two cavity modes is given by
, where χ (2) is the second-order nonlinear susceptibility, and E(λ 1 ) and E(λ 2 ) are the electric fields of the two modes inside the coupled multilayer cavity. Opposite signs of χ (2) in the two cavity regions are necessary in order to realize stronger THz-DFG for the two modes. The sign of χ (2) can be inverted by introducing 180°rotation of the crystal around the appropriate axis. Recently, we have successfully enhanced the THz signal using a χ (2) inversion structure that was fabricated by the faceto-face bonding of two epitaxial (113)B wafers. 24) However, it was difficult to achieve an equivalent optical thickness of two cavity layers because they were grown on two GaAs substrates separately. In addition, much time and effort are required to completely remove one of the substrates from the bonded wafer for device processing. Therefore, sublattice reversal, which results in χ (2) inversion without wafer bonding, is expected to be an alternative and more versatile growth technique for THz devices. Kondo and colleagues reported sublattice reversal in a GaAs=Ge=GaAs system on low-index (001) or (111) GaAs substrates. 25, 26) This novel growth technique has been applied to several nonlinear optical devices based on low-index GaAs substrates. [27] [28] [29] However, as far as we know, there has been no experimental study of sublattice reversal on high-index GaAs substrates reported to date.
Here, we investigated GaAs=Ge=GaAs heterostructures on high-index (113)B GaAs substrates grown by molecular beam epitaxy (MBE). Sublattice reversal in GaAs=Ge=GaAs was identified by comparing the mesa shape produced by anisotropic etching of the individual GaAs layers with that for reference substrates. In addition, the atomic arrangements were directly observed using energy-dispersive X-ray spectroscopy (EDX) in combination with scanning transmission electron microscopy (STEM; JEOL JEM-ARM200F operated at 200 kV). Figure 1 illustrates the basic concept of sublattice reversal epitaxy on a (113)B GaAs substrate. The insertion of a thin intermediate layer of group-IV atoms (Ge) is expected to reverse the sublattice occupation from sublattice 1 to 2, i.e., from (113)B to (113)A. The epitaxial structure and growth sequence for the GaAs=Ge=GaAs heterostructures are shown in Figs. 2(a) and 2(b), respectively. After thermal cleaning of the substrate at 610°C for 10 min, a 500-nm-thick GaAs buffer layer was grown at 600°C. The As source shutter was then closed and the substrate temperature was decreased to 450°C. A Ge layer with a nominal thickness of 3 nm was grown at 450°C with the As source shutter closed. After the Ge growth, the As shutter was opened to establish an As prelayer and the substrate temperature was ramped up to 600°C for the growth of an 800-nm-thick GaAs layer.
Orientation-dependent anisotropic etching 30) was employed to confirm the sublattice reversal. The etching rate is strongly dependent on the composition of the solution and on the GaAs crystal orientation, allowing the preferential etching of GaAs through photoresist masks. The epitaxial samples were patterned with a 10-µm-wide stripe photoresist running along the [ Figs. 3(a) and 3(b) , respectively. It can be seen that the mesas have trapezoidal and inverse-trapezoidal shapes, respectively. Figure 3(c) shows a similar image for a GaAs=Ge=GaAs heterostructure grown on a (113)B GaAs substrate. The mesa shape for the lower GaAs layer is seen to be similar to that for the reference (113)B substrate, whereas that for the upper GaAs layer is similar to that for the reference (113)A substrate. These results confirm that sublattice reversal was achieved for the heterostructure grown on the (113)B GaAs substrate. This was also found to be the case when a Ge layer of 7 nm thickness was used. In contrast, sublattice reversal was not achieved for the heterostructure grown on the (113)A GaAs substrate, as shown in Fig. 3(d) , where the mesas above and below the Ge layer both have inverse-trapezoidal shapes. The mechanism for sublattice reversal is discussed later; however, it is reasonable that the Ge surface was terminated by an As prelayer for both the (113)B and (113)A GaAs substrates. Figure 4 shows an atomic-resolution EDX elemental map of a GaAs=Ge=GaAs heterostructure grown on a (113)B GaAs substrate. The sublattice reversal from (113)B to (113)A can be directly observed from the atomic arrangements on the substrate and surface sides. Below the Ge layer, the left-side atoms in the Ga-As dumbbells are Ga atoms, while above the Ge layer, they are As atoms.
The mechanism of sublattice reversal in the GaAs=Ge= GaAs(100) system has been explained using an antiphase domain (APD) self-annihilation model. 27) It is considered that this model is also valid for GaAs=Ge=GaAs on high-index GaAs substrates of the current study. Figure 5 shows a schematic illustration of the self-annihilation of APDs in GaAs grown on an As-terminated Ge layer. Antiphase boundaries (APBs), which are generated at step edges on the Ge surface, are composed of (111)B As-As bond planes. These APBs propagate on inclined (111) planes and encounter each other, resulting in their self-annihilation. The number of atomic height steps on (113) GaAs is larger than that on (001) GaAs. APBs are easily formed on these steps and APDs tend to become completely annihilated extremely fast. We did not find any evidence of APDs in the EDX map, which suggests that the APBs may be annihilated within the first few atomic layers. It is should be noted that APBs composed of As-As bond planes are always generated once the Ge layer is As-terminated, which is why sublattice reversal did not occur in the GaAs=Ge=GaAs heterostructure grown on the (113)A GaAs substrate, as shown in Fig. 3(d) . Ebert et al. reported sublattice reversal on (001) GaAs slightly misoriented (by about 4°) towards 〈111〉A, using Ga-terminated Ge layers and migration-enhanced epitaxy (MEE). 31) Therefore, these techniques give rise to the possibility of the formation of Ga-Ga bond planes that result in the self-annihilation of (111)A planes and the realization of sublattice reversal on (113)A GaAs substrates.
In summary, sublattice reversal epitaxy on (113)B GaAs substrates is proposed as a versatile method of realizing χ (2) inversion in THz devices. A GaAs=Ge=GaAs heterostructure was grown on a high-index (113)B GaAs substrate by MBE.
Following anisotropic chemical etching of the heterostructure, sublattice reversal in GaAs=Ge=GaAs was confirmed by comparison of the mesa shape of the two GaAs layers with that of reference substrates. The mesa shape for the lower GaAs layer was similar to that for the reference (113)B substrate, whereas that for the upper GaAs layer was similar to that for the reference (113)A substrate. Furthermore, atomicresolution EDX mapping was performed and sublattice reversal from (113)B to (113)A was directly observed through the atomic arrangements. APDs associated with As-As bond planes may be responsible for the observed sublattice reversal in the GaAs=Ge=GaAs system on the (113)B substrate.
